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Abstract 
The authors present the results of a study on kinetics of hydrogen generation by heterogeneous compositions with aluminum exposed 
to γ -irradiation in air, in different aqueous solutions at room temperature and high temperature annealing. It has been found that hydrogen 
generation kinetics depends on the γ -irradiation dose, temperature and aqueous medium chemistry. Changes in hydrogen generation kinetics 
are due to transformations of aluminum oxide coatings influenced by factors simulating the NPP conditions. The effect of metal oxide coating 
transformations should be considered in predicting the corrosion resistance of NPP structural materials. 
Copyright © 2016, National Research Nuclear University MEPhI (Moscow Engineering Physics Institute). Production and hosting by 
Elsevier B.V. This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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Bntroduction 
In nuclear power plants (NPPs) the high corrosion resis-
ance of structural materials is provided by passivating oxide
oatings which protect the pure metal against direct contact
ith water and steam. Thus, zirconium and zirconium alloys
re covered with a layer of zirconium oxide (ZrO 2 ), and alu-
inum and aluminum alloys are covered with a layer of alu-
inum oxide (Al 2 O 3 ). In the case of aluminum, it has been
ound that if the surface oxide coating (Al 2 O 3 ) is removed
n alkaline solutions, aluminum effectively reacts with water
o generate hydrogen and a solid product [1-3] . An analysis
f hydrogen storage in heterogeneous hydro-reactive compo-
itions with aluminum has shown that the hydrogen gener-
tion kinetics indicates transformations of surface aluminum 
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.V. This is an open access article under the CC BY-NC-ND license ( http://creatixide coating when reacting with a catalyst, water and ambi-
nt oxygen. Therefore, the study of the kinetics of hydrogen
torage in compositions containing structural materials with
xide coatings can be used to determine the transformations
f surface aluminum oxide coatings under the integral action
f factors simulating the NPP conditions, i.e. ionizing radia-
ion, high temperatures, water coolant, and ambient oxygen. 
The authors present the results of the investigation of
he kinetics of hydrogen generation by heterogeneous hydro-
eactive compositions containing aluminum previously ex- 
osed to radiation and thermal treatment. For this purpose,
luminum samples were exposed to γ -irradiation ( 60 Co) at
oom temperature and in aqueous media simulating the PWR
oolant. The samples of γ -irradiated aluminum were subse-
uently thermolized at 320 °C in air. Based on the studied
ydrogen storage kinetics, assumptions were made about the
urface aluminum oxide layer transformations in simulating
he operational conditions of structural materials in the re-
ctor coolant [4] . Aluminum is studied as a model metal as
gainst zirconium: within the electrochemical series of met-
ls aluminum and zirconium are placed nearby (the standard
lectrode potential of aluminum and zirconium are 1.66 V
nd 1.59 V, respectively). Extensive literature for examplecow Engineering Physics Institute). Production and hosting by Elsevier 
vecommons.org/licenses/by-nc-nd/4.0/ ). 
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Fig. 1. Dependence of evolved hydrogen amount on reaction time: 1. Compo- 
sition with initial aluminum; 2, 3. Compositions with aluminum, γ -irradiated 
in air at room temperature with 1 and 2 mGy, respectively. Composition con- 
tent: 1 g of aluminum, 2 g of sodium meta-silicate crystallohydrate and 10 g 
of distilled water. 
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[  [5-17] devoted to the study of the physical properties of alu-
minum oxide. 
Experimental technique 
Commercial aluminum samples were taken for research in
the form of aluminum powder with a specific surface area
of 1.6 m 2 /g (brand PAP-2, GOST 5494-95). Aluminum pow-
der particles have a plate form and are covered with a thin
oxide and fatty film. The powder bulk density is about 0.15–
0.30 g/cm 3 , the active aluminum content is 85–93%. The av-
erage thickness of aluminum powder petals is approximately
0.25–0.50 μm; the average linear dimension is 20–30 μm. To
activate aluminum, sodium meta-silicate crystallohydrate salt
was used (Na 2 SiO 3 9H 2 O) with a melting temperature of 48 °C
and hydrolysis constant of 10 −3 . 
The aluminum powder was placed in thick-walled glass
vessels of 500 ml and irradiated by γ -source 60 Co with
1.0, 2.0 and 5.0 mGy doses at a specific absorption rate of
1.5 Gy/s. In air, distilled water, boric acid solution (5 g/l of
20% acid content), and boric acid and potassium hydroxide
solution (pH = 8)/ the samples were irradiated with a dose of
1.0 mGy. Annealing of the source and γ -irradiated aluminum
samples was performed at 320 °C in air, in a muffle furnace
SNOL-4/900 as follows: Annealing of a sample for about 6 h,
then holding at room temperature for approximately 17 h, re-
peated annealing for 6 h, etc. to achieve the desired annealing
duration. 
The study of the hydrogen storage kinetics includes the
following procedures. The reaction mixture was prepared by
thoroughly mixing the aluminum powder (initial, γ -irradiated,
and annealed) and sodium meta-silicate crystallohydrate in a
certain ratio with the addition of distilled water. The mixture
sample weight was loaded into a glass bulb of 500 ml with a
tube for removing hydrogen through the water into the mea-
sure cell. The reaction vessel was placed into a thermostat
and heated to a specified temperature. Hydrogen generation
was monitored by measuring the amount of hydrogen evolved
in the measure cell. 
Results and discussion 
The process of forming the aluminum oxide (Al 2 O 3 ) layer
on the aluminum surface is two-sided, i.e. on one side of this
layer the reaction occurs on the surface dividing two solids:
aluminum and aluminum oxide layer; while on the other side,
the solid layer of aluminum oxide, water and ambient oxygen.
The formed oxide dissolves excess stoichiometric aluminum,
water and oxygen; and the aluminum oxide layer is a two-
sided non-stoichiometric phase. In air, two fluxes of charged
particles move from each side of the layer: A flux of metal
and electrons moves from the metal side; a flux of oxygen
ions and holes moves from the gaseous phase. The oxide layer
thickness increases due to the flux of cations and anions [18] .
The resulting aluminum oxide film with a thickness from
1 to 100 nm consists of two layers: an inner compact crys-
talline layer adjacent to the metal and outer porous layer [19] .he high mechanical strength of the oxide film is provided by
he inner crystalline layer with a thickness of 1–3 nm, tightly
ontacting with the metal. The upper loose layer of the film
ith the structure of bayerite (Al 2 O 3 3H 2 O) is monoclinic hy-
roxide. 
In our experiment, the heterogeneous composition of “solid
luminum–aluminum oxide layer-water, oxygen” is exposed
o direct γ -irradiation, the impact of energy transmitted from
luminum to the oxide layer in the form of excitations and
harged particles as well as the impact of ambient oxygen,
ntermediate active particles and stable products of water ra-
iolysis. Based on the studied kinetics of hydrogen generation
n compositions containing aluminum previously exposed to
adiation, thermal and chemical treatment, we can make as-
umptions about the nature of aluminum oxide layer transfor-
ations induced by these factors. 
On the kinetic curves describing the dependence of hydro-
en generated by the composition with initial and γ -irradiated
luminum, sections can be distinguished related to the three
tages of solid-phase reactions: initial, basic and final ( Fig. 1 ).
 characteristic feature of the initial stage is the induction pe-
iod during which the hydrogen generation process is slow.
his is due to the fact that aluminum is covered with an oxide
ayer (Al 2 O 3 ) which prevents the direct contact of reagents,
.e. pure aluminum and water. The presence of the quasi-
tationary oxide layer is due to the simultaneous occurrence
f three competing processes with similar rates: on the one
and, the destruction of the oxide layer (Al 2 O 3 ) when in-
eracting with the chemical activator in an alkaline medium
o form activated aluminum (without the oxide layer) and a
table product: 
(Al + Al 2 O 3 ) + activator] ( k 1 ) → Al act +stable product, (1)
V.K. Milinchuk et al. / Nuclear Energy and Technology 2 (2016) 209–213 211 
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Fig. 2. Curves of hydrogen storage in compositions containing aluminum γ - 
irradiated with 1.0 mGy at room temperature: 1. In air; 2. In distilled water; 3. 
In 20% aqueous boric acid solution; 4. In aqueous solution of boric acid with 
potassium hydroxide. Composition content: 1 g of aluminum, 2 g of sodium 
meta-silicate crystallohydrate and 10 g of distilled water. 
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t  On the other hand, the recovery of the aluminum oxide
ayer due to the rapid reaction of activated aluminum with
xygen: 
4Al act +3 О2 ] ( k 2 ) → 2Al 2 O 3 (2)
And the reaction of activated aluminum with water to form
luminum oxide and hydrogen: 
2Al act +3 Н2 О] ( k 3 ) → Al 2 O 3 +3H 2 . (3)
The oxide film dissolution in an alkaline medium is due
o the action of the hydroxyl ion (OH –) of the chemical ac-
ivator. Depending on the ratio of rate constants of these re-
ctions and their concentrations, the quasi-stationary ratio of
luminum oxide and activated aluminum is established. As the
luminum oxide concentration in the composition decreases,
he hydrogen generation rate increases. The thickness of the
luminum oxide layer is much less than the thickness of alu-
inum particles ( ∼0.5 μm). This state of the heterogeneous
omposition makes it possible to determine the nature of hy-
rogen storage kinetics based on the ratio of activation and
luminum surface oxidation velocity constants. 
The initial stage ends with a rapid increase in the hydro-
en generation rate after the activator disrupts the aluminum
xide layer continuity, creating extended microdefects in it as
ransport paths for supplying water molecules to the activated
etal. Water molecules with the velocity constant k 3 interact
ith activated aluminum to form aluminum oxide and hy-
rogen (standard thermodynamic functions of interaction be-
ween water and aluminum at 298 K: H о =–272.8 kJ/mol,
G о =– 287.8 kJ/mol) – see Eq. (3) . 
As shown in Fig 1 , the curves of hydrogen storage for the
ompositions containing aluminum, γ -irradiated with 1.0 mGy
Curve 2) and 2.0 mGy (Curve 3) in air at room tempera-
ure are similar to the curve for the composition with non-
rradiated aluminum (Curve 1). This indicates that identical
olid-phase reactions occur in the compositions before and
fter γ -irradiation. However, a decrease in the induction pe-
iod indicates a change in the initial aluminum oxide physical
nd chemical state which is accompanied by an increase in
he rate of interaction between the activator and aluminum
xide. As a consequence, being exposed to γ -irradiation in
ir, the oxide layer undergoes transformations modifying its
eactivity with respect to a chemical activator, as evidenced
y an increase in the hydrogen generation rate after irradi-
tion with 1.0 mGy about twice and 2.0 mGy approximately
hree times. 
We can make assertions about the nature of aluminum ox-
de layer transformations based on the studies of the hydrogen
torage kinetics in compositions with aluminum γ -irradiated
t room temperature in aqueous media simulating the PWR
oolant . Fig 2 shows the curves of hydrogen storage in com-
ositions containing aluminum γ -irradiated with a dose of
 mGy at room temperature in air (Curve 1), in distilled wa-
er (Curve 2), in 20% aqueous boric acid solution (Curve
), and in aqueous solution of boric acid with potassium hy-
roxide (pH = 8) (Curve 4). As compared to irradiation inir, during γ -irradiation in distilled water, the hydrogen gen-
ration rate increases by ∼15%, in aqueous boric acid so-
ution ∼ twice, and in aqueous solution of boric acid with
otassium hydroxide ∼4.5 times. A significant increase in
ydrogen generation in the compositions with aluminum ir-
adiated in aqueous media implies an active participation of
he coolant radiolysis products and corrective additives in the
rocess of interaction with the oxide layer. In compositions
ith aluminum, water radiolysis proceeds through the well-
nown mechanism with the formation of intermediate active
articles, radiation-chemical yields of which ( G -yield/100 eV)
re hydrated electrons (3.0), OH radicals (2.9), H radicals
0.6), hydrogen cations (H + ) (3.3), hydroxyl ions (OH –) (0.5)
20] . Moreover, the water coolant contains oxygen, boric acid,
otassium hydroxide, chloride and fluoride ions, impurities of
orrosion products of structural materials of the core as well
s hydrogen generated during radiolysis ( G = 0.45) and hy-
rogen peroxide ( G = 0.8) which participate in reactions with
luminum oxide. Unfortunately, there is no information about
he laws governing radiation-chemical transformations of such
omplicated chemical composition in the literature. It is obvi-
us that in the water coolant the aluminum oxide coatings are
xposed to the totality of these reagents leading to a decrease
n chemical resistance and dissolution of the aluminum oxide
urface layer in the presence of a chemical activator of the
eaction ( 1 ). 
Curves of hydrogen storage in compositions ( Fig. 3 ) con-
aining initial aluminum (Curve 1) and aluminum annealed
n air at 320 °C for 10 h (Curve 2), 20 hours (Curve 3), 40 h
Curve 4), and 80 h (Curve 5). One can see a significant dif-
erence in the form of the curves for compositions with ini-
ial aluminum (Curve 1) and compositions with annealed alu-
inum samples (Curves 2–5), namely, in compositions with
nnealed aluminum, along with the change in the shape of
he curves, the induction period value is approximately five
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Fig. 3. Curves of hydrogen storage in compositions containing initial alu- 
minum (1) and aluminum annealed in air at 320 °C for 10 h (2), 20 h (3), 
40 h (4), and 80 h (5). Composition content: 1 g of aluminum, 2 g of sodium 
meta-silicate crystallohydrate and 10 g of distilled water. 
Fig. 4. Curves of hydrogen storage in compositions containing aluminum 
annealed in air for 40 h (1); aluminum γ -irradiated in air at room temperature 
with doses of 1.0 mGy (2), 2 mGy (3), 5 mGy (4), and then annealed in air 
for 40 h. Composition content: 1 g of aluminum, 2 g of sodium meta-silicate 
crystallohydrate and 10 g of distilled water. 
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[  or six times as much as in a composition with a unannealed
aluminum sample. Note the weak influence of annealing time
on the induction period value. The identity of the curves 2–5
and weak dependence of the induction period value on the
annealing time are indicative of a high oxide layer formation
rate in reactions ( 2 ) and ( 3 ). The difference between the forms
of curves 1 and 2–5 implies that during annealing an oxide
layer with new properties is formed on the aluminum surface
and its interaction with the chemical activator is different from
the interaction of initial aluminum. 
The effect of γ -irradiation on the hydrogen storage curves
can be seen from the data presented in Fig 4 . It can be seen
that the curves of hydrogen storage in compositions contain-
ing aluminum, γ -irradiated with doses of 1, 2 and 5 mGynd annealed in air at 320 °C for 40 h have the same form
s the curves of hydrogen storage in compositions containing
nirradiated aluminum. From this it follows that during an-
ealing an oxide layer of identical composition is formed on
nirradiated and irradiated aluminum, and previous aluminum
-irradiation has no significant effect on the thermal-oxidative
rocess on the metal surface. 
Large induction periods during annealing of initial and ir-
adiated aluminum samples are formed due to the action of
emperature on the oxide film. It is assumed that in the air
aturated with water up to 90 о C, the aluminum oxide film
djacent to the metal has an amorphous structure whereas the
pper layer has the structure of bayerite (Al 2 O 3 3H 2 O) which
s monoclinic hydroxide [19] . A temperature increase above
00 о C leads to the formation of hydrated oxide, boehmite
Al 2 O 3 H 2 O), which has a rhombic structure. 
onclusion 
The studied kinetics of hydrogen generation by composi-
ions with aluminum has shown that a kinetic method allows
aluable information to be obtained on chemical transforma-
ions of aluminum oxide coatings under the action of factors
imulating the PWR core. Exposed to radiation, high tem-
erature, aqueous medium radiolysis products and oxygen,
luminum oxide coatings undergo transformations which re-
ult in violations of aluminum oxide film integrity. Water
olecules, the exothermal reactions of which lead to alu-
inum corrosion with the formation of molecular hydrogen
nd solid products, diffuse to the formed “pure” metal areas
hrough structural coating defects. The mechanism of hydro-
en and solid product contribution to oxide coating destruc-
ion of aluminum is being studied. The discovered processes
f metal oxide coating transformations should be considered
n developing corrosion models of structural materials under
he complex action of the NPP core factors. 
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